. Thus, it is The life span of C. elegans is extended by mutations that inhibit the function of sensory neurons. In this possible that these or other putative DAF-2 ligands are released from sensory neurons in response to environstudy, we show that specific subsets of sensory neurons influence longevity. We find that certain gustatory mental signals (Apfeld and Kenyon, 1999; Guarente and Kenyon, 2000). neurons inhibit longevity, whereas others promote longevity, most likely by influencing insulin/IGF-1 signal-
In contrast to the dauer-inhibiting neurons ADF, ASI, and ASG, the amphid neurons ASJ and ASK promote dauer formation (Schackwitz et al., 1996) . We found that ablating the ASJ and/or ASK neurons did not affect life span ( Figure 1B ; Table 1 ). However, ablating either ASJ or ASK neurons completely suppressed the life span extension produced by ablation of ASI neurons ( Figure  1B ; Table 1 ). Together, these findings indicate that a number of the neurons that influence dauer formation do influence life span and that some of these neurons promote, whereas others inhibit, longevity.
Dauer Pheromone Does Not Extend Adult Life Span
Sensory neurons are thought to regulate dauer formation in response to dauer pheromone (Bargmann and Horvitz, 1991b; Schackwitz et al., 1996) . Dauer pheromone is a fatty acid-like substance produced constitutively by C. elegans throughout its life (Golden and Riddle, 1982 ). Dauer pheromone is both necessary and sufficient to induce dauer formation, though its effectiveness is enhanced by increased temperature and decreased food levels (Golden and Riddle, 1982, 1984) . Dauer pheromone has been proposed to repress the dauer-inhibiting activities of ADF, ASI, and ASG and to activate the dauer-promoting activities of ASJ and ASK (Bargmann and Horvitz, 1991b; Schackwitz et al., 1996) .
It was curious that only some of the neurons that regulate dauer formation also regulated adult longevity. This suggested that the cues that regulate dauer formation might be different from those that influence life Table 1 ). We found right hand corner of each panel. Life span of ablated or mockablated wild-type (N2) worms was determined at 20ЊC. that dauer pheromone had no effect on adult longevity ( Figure 2B ; Table 1 ), even at concentrations that induced 33% of the animals to form dauers. Because mutations in the daf-2 pathway that cause this frequency of dauer seemed possible that, by influencing the DAF-2 pathformation invariably extend adult life span dramatically way, the same neurons that regulate the formation of (Kenyon et al., 1993; Larsen et al., 1995; Kimura et al., dauers during development might also regulate the lon-1997; Gems et al., 1998), these findings suggest that gevity of the adult. dauer pheromone plays little or no role in the control of The amphid neurons ADF, ASI, and ASG inhibit dauer adult longevity. formation (Bargmann and Horvitz, 1991b) . As expected, It is possible that these neurons regulate life span by ablation of these neurons soon after hatching caused sensing other environmental cues. ASI, ASG, and ASK, 75% of the animals to form transient dauers. We found which influenced life span, have also been shown to that it also extended their adult life span ( Figure 1A ; function as gustatory neurons that sense food or its Table 1 ). Next, we asked which of these three neurons breakdown products, such as amino acids, in the enviinfluenced longevity. In dauer formation, the ADF and ronment (Bargmann and Horvitz, 1991a) . The amphids ASI neurons share a redundant function, whereas the contain other food-sensing gustatory neurons, such as ASG neurons play a minor role (Bargmann and Horvitz, ADF and ASE (Bargmann and Horvitz, 1991a); however, 1991b). Ablation of any single pair of these neurons as with ADF, we found that ablating the ASE neurons does not cause dauer formation (Bargmann and Horvitz, (either singly or in combination with other neurons) did 1991b). However, this was not the case for life span. not affect life span ( Figure 1C ; Table 1 ). Together these We found that the ASI and ASG neurons but not the ADF findings suggest that only a specific subset of gustatory neurons appear to influence adult life span. Ablation of neurons may influence life span. either the ASI or ASG neurons alone extended life span, and ablation of ADF neurons did not ( Figure 1A ; Table  1 ). In addition, although killing ADF caused ASI-ablated Olfactory Neurons Also Influence Longevity The amphids also contain olfactory neurons that sense animals to form transient dauers (at a frequency of 38%), it did not enhance the longevity of ASI-ablated animals food-derived substances (Bargmann et al., 1993). Unlike the gustatory neurons described above, the olfactory ( Figure 1A ; Table 1 ). Figure 3C ; Table 1 ). However, odr-1 mutaadult life span, whereas ablation of AWC had no effect ( Figure 3A ; Table 1 ). However, ablation of both the AWA tions did enhance the life span extension observed in odr-7 mutants ( Figure 3D ; We also examined mutants with specific defects in Gustatory and Olfactory Neurons Act in Parallel to Influence Life Span olfactory neurons. Consistent with our observation that AWA plays a role in life span regulation, animals harborNext, we asked whether gustatory and olfactory neurons were likely to act in the same or different pathways to ing a null mutation in odr-7, a gene that encodes a nuclear hormone receptor specifically required for AWA affect life span. To do this, we killed combinations of olfactory and gustatory neurons in individual animals. function (Sengupta et al., 1994; Sagasti et al., 1999) , lived longer than wild-type ( Figure 3C ; Table 1 ). FurtherWe found that ablation of either the olfactory AWA or AWC neurons alone did not enhance the life span extenmore, as we had observed with the ablation of AWC neurons alone, mutations in odr-1, a gene that encodes sion produced by ablating the gustatory ASI neurons ( Figure 3E ; Table 1 ). However, ablation of both AWA and a transmembrane guanylyl cyclase required for AWC Table 1 . continued respective control, whereas the second set of p values compare the difference between certain treated or mutant animals and other treated or mutant animals specified by the superscripted symbols. The superscripted symbols indicate the following:
‡ , compared with ASI-ablated N2 worms; *, compared with AWA-ablated N2 worms; § , compared with AWA-and AWC-ablated N2 worms; # , since the olfaction mutants we studied came from Cori Bargmann's lab at the University of California, San Francisco, we compared their life span to that of N2 from her lab; || , compared with odr-7(ky4); ‡ ‡ , rrf-3(pk1426) L1 larvae grown on the specified E. coli clone were shifted between 22ЊC and 25.5ЊC (see Experimental Procedures); and **, rrf-3(pk1426) worms fed on the specified E. coli clone were grown continuously at 22ЊC. CF512 AWC did enhance the life span extension of animals activities of the olfactory AWA and AWC neurons were only partly dependent on daf-16 ( Figure 4B ; Table 1 ). lacking the ASI neurons ( Figure 3E ; Table 1 , 1999) . The long life span of seen in AWA-and AWC-ablated animals. We found that germline-ablated animals requires the activity of the sothis did not appear to be the case, since the ablation matic gonad, since this extended longevity can be supof the olfactory neurons AWA and AWC still enhanced pressed entirely by killing the somatic gonad precursor longevity even when both the ASJ and ASK neurons cells (Hsin and Kenyon, 1999; Figure 5A ; Table 2 ). Interhad been ablated ( Figure 3F ; Table 1 ). Together these estingly, daf-16 null mutants in which the somatic gonad findings suggest that olfactory and gustatory neurons precursor cells are ablated have shorter life spans than function in at least partially distinct pathways to control daf-16 mutants with intact gonads, indicating that daflife span.
16 mutants can still respond to the effects of somatic gonad ablations (Hsin and Kenyon, 1999). Together these findings have suggested the model that the germGustatory Neurons Appear to Regulate Longevity through the daf-2 Pathway line influences life span via a daf-16-dependent pathway, whereas the somatic gonad influences life span Sensory mutations are thought to influence life span, at least in part, by perturbing the insulin/IGF-1 daf-2 via a counterbalancing pathway that is at least partly daf-16 independent (Hsin and Kenyon, 1999). signaling pathway (Apfeld and Kenyon, 1999). To determine whether individual neurons might affect life Surprisingly, the function of sensory neurons is required in order for somatic gonad ablation to suppress span by modulating insulin/IGF-1 signaling, we asked whether they could influence the life span of daf-16 and the life span extension caused by germline ablation (Apfeld and Kenyon, 1999). Ablation of the germline invaridaf-2 mutants. We found that the life span extension caused by ablating the gustatory ASI neurons was comably extends the life span of sensory mutants further; however, in some sensory mutants, this life span extenpletely dependent on daf-16 ( Figure 4A ; Table 1 ). In addition, ablating ASI neurons in daf-2 hypomorphic sion cannot be suppressed by somatic gonad ablations (Apfeld and Kenyon, 1999). To ask which sensory neumutants did not further increase their life span ( Figure  4C ; Table 1 ). Therefore, ASI seems likely to affect life rons might be responsible for this effect, we killed the germ cells and the whole gonad in animals lacking indispan by modulating the daf-2 pathway.
Next, we ablated ASJ and ASK in these mutants. We vidual pairs of neurons. We found that animals lacking the gustatory ASI neurons responded like wild-type to found that, as with wild-type, ablation of the ASJ and ASK neurons did not shorten the life span of daf-16 germline and whole-gonad ablations (Figures 5A and 5B; Table 2 ). In contrast, odr-7 mutants, which specifinull mutants ( Figure 4A ; Table 1 ). Interestingly, however, ablation of the ASJ and ASK neurons did shorten the cally lack functional olfactory AWA neurons, did not ( Figure 5C ; Table 2 ). As with wild-type, ablating the life span of daf-2 hypomorphic mutants ( Figure 4C ; Table  1 ; see Discussion).
germline precursors of odr-7 animals further extended their life span, but this effect was only partially supWe also asked whether the life span extension produced by ablation of the olfactory neurons required dafpressed by ablation of their somatic gonad precursors. Thus, the requirement for sensory function in the regula-16. We found that, unlike the gustatory neurons, the , 1999) . We tested additional sensory translong-lived animals in which specific gustatory and/or olfactory neurons had been ablated for phenotypes conduction mutants and found that a hypomorphic mutation in odr-2, which encodes a GPI-linked protein required sistent with caloric restriction. We found that, unlike food-restricted animals, these ablated animals develin olfaction and is expressed in many neurons, including interneurons onto which the AWA and AWC neurons oped normally and were not thin. They also had wildtype brood sizes (299 Ϯ 34, n ϭ 20 control animals; synapse (Chou et al., 2001 ), extended adult life span ( Figure 6A ; Table 1 ). In addition, we found that null muta-286 Ϯ 29, n ϭ 14 ASI-ablated animals; 292 Ϯ 9, n ϭ 3 AWA-and AWC-ablated animals; and 300 Ϯ 18, n ϭ 9 tions in odr-3, which encodes a G␣ protein that mediates The analyses performed on these experiments are as described in the legend of Table 1 Table 1 
), suggesting that
The fact that the ability of the ASI neurons to influence a G protein-coupled receptor might sense an environlife span depends on the presence of the ASJ and ASK mental cue that inhibits longevity.
neurons raises the possibility that these neurons might The odr-10 gene encodes an olfactory G protein-couregulate life span by affecting each other's activity within pled receptor that senses diacetyl, an odorant sensed a neural circuit. by AWA neurons (Sengupta et al., 1996) . We found that
The combined ablation of certain gustatory and olfacodr-10 null mutants were not long-lived ( Figure 6B ; Table  tory neurons produced a relatively large increase in life 1), implying that neither diacetyl nor its receptor reguspan, comparable to the life span extension produced lates life span. In contrast, we observed that decreasing by killing the amphid sheath cells. However, many of the mRNA levels of the putative chemosensory G proour ablation experiments, which involved one or a few tein-coupled receptor str-2 (Troemel et al., 1999) (Figures 1A and 3 ; soluble, compounds influence longevity, since the olfac- Table 1 ). Second, killing ASJ and ASK suppresses the tory AWA and AWC neurons affect longevity. Furtherlongevity of ASI-ablated animals but not that of olfactory more, the finding that a G␣ protein is required for the neuron-ablated animals. Finally, the life span extension life-shortening function of olfactory neurons implies that produced by killing gustatory neurons is completely dafan olfactory G protein-coupled receptor might sense an 16 dependent, whereas the life span extension proodorant that inhibits longevity. One such receptor in duced by killing olfactory neurons is only partially daf-AWA neurons, the diacetyl receptor ODR-10 (Sengupta 16 dependent. et al., 1996), does not appear to influence life span, Olfactory neurons may influence life span by peragain suggesting that only specific sensory cues (or turbing an endocrine signaling pathway that involves the combinations of cues) affect longevity.
reproductive system. Previous findings have suggested It is possible that these cues influence life span, at that the germline of C. elegans generates a signal that least in part, by activating the putative chemosensory inhibits longevity and is counterbalanced by a signal G protein-coupled receptor STR-2, which we found to from the somatic gonad that promotes longevity (Hsin affect life span. Although the ligand that activates STR-2 and Kenyon, 1999). Like the olfactory neurons we charis not known, STR-2::GFP fusions are expressed in one acterized, the somatic gonad of C. elegans was pre-AWC neuron and in two ASI neurons (Troemel et al., viously shown to affect life span, at least in part, in a 1999). Thus, this receptor may allow one or both types daf-16-independent fashion (Hsin and Kenyon, 1999). In of neurons to sense cues that affect longevity. addition, we found that olfactory neurons are required for the somatic gonad to influence life span. In wildGustatory Neurons May Influence Life Span type animals, killing the somatic gonad precursors comby Regulating Endocrine Signaling pletely prevents germline ablation from extending life Our findings suggest that gustatory neurons are likely span, but in animals lacking olfactory neurons, it does to influence life span by perturbing the insulin/IGF-1 not. One possibility is that olfactory neurons regulate pathway. One possibility is that these neurons sense the release of a hormone that allows the somatic gonad cues that regulate the release of insulin/IGF-1-like horto influence longevity. If this model is correct, then it mones that influence DAF-2 activity. The C. elegans implies that, under some environmental conditions, the genome contains more than 30 insulin/IGF-1 homologs, somatic gonad signal is silenced and may no longer be and several of these are expressed in gustatory neurons able to counterbalance the signals from the animal's (Pierce et al., 2001). As described above, we favor the germline (see Apfeld and Kenyon, 1999). Alternatively, model that longevity-inhibiting ASI and ASG neurons these olfactory neurons could produce a longevity signal exert their effects on life span by inhibiting the activities in response to a different signal from the somatic gonad. of the ASJ and ASK neurons. Thus, one possibility is
The somatic gonad appears to regulate a pathway that that the ASI and ASG neurons prevent the longevityinvolves DAF-2 (Hsin and Kenyon, 1999). Thus, as with promoting ASJ and ASK neurons from producing a the gustatory neurons, it is possible that the olfactory DAF-2 antagonist. It is intriguing that double mutants neurons influence longevity by regulating the release of that have defects in proteins thought to be required for insulin-like peptides. to determine mean life span. Censored animals (see legend of Table  1 ) were incorporated into the data set as described (Lawless, 1982) . For each set of neuronal ablations, the animals were generated over a period of several days. In conjunction with the ferred to new plates. In the first trial, third generation (F2) L1 larvae were shifted from 22ЊC to 25.5ЊC to induce sterility, since rrfablated animals, a similar number of mock-ablated animals were treated identically over the same period, but no cells were killed.
Mutations that affect insulin
3(pk1426) animals have little or no progeny at the higher temperature (Simmer et al., 2002). After 2 days at 25.5ЊC, they were shifted back Ablated and mock-ablated animals were then kept at 20ЊC, unless otherwise indicated, and monitored for dauer formation, if applicato 22ЊC and their life span was measured. In the second trial, rrf-3 animals were kept at 22ЊC throughout three generations, and the ble, until they reached the young adult stage, at which time life span analysis was initiated. Dauer formation did not extend adult life life span of the third generation was measured at 22ЊC as soon as they reached the first day of adulthood. span, since ablated animals that formed transient dauers, like ADF-, ASI-, and ASG-ablated worms, did not live longer than ablated aniosm-3 is required for sensory function (Tabish et al., 1995) , and mutations within this gene extend life span (Apfeld and Kenyon, mals that did not form dauers, like ASI-ablated worms ( Figure 1A ; Table 1 ). 1999). Feeding-induced RNAi of this gene was performed as a positive control for RNAi of neuronally expressed genes that affect life The life spans of ablated and mock-ablated animals were measured in parallel. We showed cumulative data and statistics in all span. Like str-2, srd-1 encodes a putative chemosensory G proteincoupled receptor (Troemel et al., 1995) . Unlike str-2, feedingthe figures and tables, since the ablated animals behaved similarly when compared either to their respective controls or to the cumulainduced RNAi of srd-1 had no effect on the life span of rrf-3 animals (data not shown). Since RNAi only reduces gene function (Timmons tive control. The variation in the life span of the different mockablated control populations are shown in Supplemental Figure S1 and Fire, 1998), it is possible that mutations that completely abolish srd-1 activity would affect life span. Alternatively, unlike str-2, the (available online at http://www.neuron.org/cgi/content/full/41/1/45/ DC1), and their mean life spans are listed in the legend of Table 1. putative chemosensory receptor srd-1 might not influence life span. (Figure 1A; Tables 1 and 2) and in the CF512 [fer-15(b26); fem-1(hc17) ]
The str-2 clone includes the 231 base pairs upstream of the str-2 translational start site and is missing the last 208 bp of its mRNA. strain at 25.5ЊC (Figure 2; Table 1) . In all cases, ablation of this pair
